Introduction {#S0001}
============

The reemerging syphilis in high-risk HIV infected individuals became more prominent in recent years, especially in homosexual men, despite the overall prevalence of syphilis remarkably decreased due to widespread use of penicillin.[@CIT0001] *Treponema pallidum*, the responsible organism for syphilis is highly neuroinvasive[@CIT0002] and could invade the CNS at the primary stage of infection.[@CIT0003],[@CIT0004] Central nervous system (CNS) invasions of *Treponema pallidum* can be related to meningeal, vascular or parenchymal sites.[@CIT0001] If the immune system is not able to eliminate the infection in time, progression to neurosyphilis might happen, which is more common in the context of HIV infection, due to the compromised immune system.[@CIT0005]

The HIV and syphilis co-infection increase the incidence of neurological complications.[@CIT0006] Commonly, both HIV and syphilis infection could cause cognitive impairment. HIV-associated neurocognitive disorder (HAND) is one of the most important comorbidities in HIV patients, and it is related with impaired attention, information processing speed, motor speed, memory, executive function, and decision-making.[@CIT0007]--[@CIT0010] Based on the clinical manifestation, HAND could be categorized into asymptomatic neurocognitive impairment (ANI), mild neurocognitive disorder (MND) and even dementia.[@CIT0007] However, the underlying neural mechanism of HAND has not been fully elucidated. Chronic inflammation often related to monocytes and macrophages appears to be the most widely hold mechanism of HAND.[@CIT0008] In terms of syphilis infection in CNS, neurosyphilis with or without overt neuropsychiatric symptoms is more common in HIV-infected patients.[@CIT0001] Moreover, syphilis co-infection history could deteriorate the cognitive impairment in HIV patients. Wallace et al found that the impaired cognitive function in HIV patients could be worsened with a syphilis co-infection history.[@CIT0013] More recently, Marra et al[@CIT0014] claimed that HIV-infected patients with past syphilis performed worse on a comprehensive neuropsychological test battery than HIV-infected patients who had never had syphilis. These studies raised the supposition that syphilis co-infection might cause worse brain damages in HIV positive patients.

The mechanism of syphilis infection on cognitive impairment in patients with HIV is not well understood and remains a matter of debate. One of the vital hypotheses of the mechanism of HAND is persistent CNS inflammation, and it was supposed that the co-infection of syphilis and HIV might act in a synergistic way on the cognitive decline.[@CIT0001] A most recent study found that the syphilis infection could augment HIV-associated CNS inflammation by testing the cerebral spinal fluid.[@CIT0002] However, this finding could not explain the cognitive impairment in HIV patients with syphilis co-infection. Thus, alternative biomarkers from neuroimaging tools might be useful in assessing the underlying mechanism of brain impairment in patients with HIV and syphilis infection.

To date, it is well known that MR imaging is a sensitive and noninvasive method that could reflect the subtle brain changes of HAND even on effective treatment.[@CIT0008] Generally, HIV-positive patients could suffer decreased brain volume, more white matter hyperintensities loads, disturbed white matter microstructure integrity, decreased cerebral perfusion, and compromised functional connectivity.[@CIT0011] Among the multimodal MR methods, the blood oxygenation level-dependent (BOLD) resting-state functional MRI (rs-fMRI), without the presence of any cognitive tasks or stimulation, has been increasingly used in investigating the alteration of brain spontaneous activity in HIV. At present, the majority of rs-fMRI studies on HIV are related to functional connectivity and brain network. Studies found compromised functional connectivity mainly involved fronto-striatal network, parietal cortex, occipital cortex, and the cerebellum.[@CIT0012] Nevertheless, whether there is any additional effect of syphilis co-infection on the brain function in HIV patients remains unknown.

Most recently, graph theory-based topological analysis has been applied in assessing the brain functional and structural organization in HIV patients. The topological changes in HIV patients might be induced by underlying synaptodendritic damage caused by neuro-inflammation.[@CIT0015]--[@CIT0017] Notably, one prior study has indicated that centrality could be associated with HAND.[@CIT0015] According to graph theory, centrality is defined to describe nodes as central or more crucial in a brain network. As far as we know, these previous functional connectivity methods based on graph theory mentioned above relied remarkably on preselected seed regions or atlases. However, the selection of the seed locations is arbitrary to some extent. In order to avoid potential selection bias, voxel-wise and data-driven method is needed. Besides, as far as we know, no graph theory-based functional connectivity analysis had been used in assessing the possible effect of syphilis co-infection on the brain function in young HIV patients.

To avoid the potential seed-selection bias in previous functional connectivity analysis, we utilized the degree centrality (DC) to study the functional alteration in HIV patients with syphilis co-infection. DC is a reliable and frequently used graph-theory-based method with moderate to high test--retest reliability for describing the functional connectivity of neural network.[@CIT0018] Voxel-wised DC analysis could calculate the density of functional connectivity of each voxel in the whole-brain network without any prior hypotheses. As such, for the first time, we implemented DC to assess the likely underlying mechanism of brain damage in patients with early HIV and syphilis co-infection.

Subjects and Methods {#S0002}
====================

Subjects {#S0002-S2001}
--------

This study was approved by the institutional review board of Beijing Youan Hospital, Capital Medical University, Beijing, China, and was conducted in accordance with the Declaration of Helsinki. Written informed consents were gained from all the subjects. This study was a cross-sectional study. We prospectively designed the MRI examination with careful inclusion and exclusion criteria. However, we retrospectively collected the laboratory and clinical data from the medical records. Forty-four consecutive patients with HIV co-infected by syphilis (HIV+/syphilis+) (female\\male=1\\43; age: 32.11 ± 6.96 years) and 45 patients with HIV without syphilis co-infection history (HIV+/syphilis-) (female\\male=3\\42; age: 31.23±6.21 years) were enrolled from infectious disease outpatient clinic of Beijing Youan Hospital, Capital Medical University. The HIV+ patients were diagnosed by testing plasma HIV RNA or by positive HIV enzyme-linked immunoassay. Given that the high risk of co-morbidity of HIV and syphilis, laboratory tests for syphilis infection were also performed in each patient with a high risk of HIV infection. The syphilis infection was diagnosed by T *pallidum* particle agglutination (TP-PA). And the Rapid Plasma Reagin (RPR) was performed for assessing the current syphilis infection status and evaluating response to therapy. All the patents with syphilis co-infection were administered with penicillin at diagnosis. Besides, before each MRI examination, plasma CD4+ cell count, CD4+/CD8+ ratio and HIV viral load were tested. History of syphilis infection diagnosis and treatment, estimated HIV infection duration and the HIV therapy history were acquired from medical history records. Moreover, a comprehensive battery of neuropsychological tests was performed prior to MR examination.

For HIV+/syphilis+, the inclusion criteria were as follows: (1) patients infected by both HIV and syphilis; (2) age range from 18 to 50 years old; (3) right-handed. In order to reduce the heterogeneity between subjects and to avoid the FC difference from handedness, we only recruited right-hander in our study. Exclusion criteria included: (1) illiterate people, (2) obvious brain diseases according to conventional MR imaging such as trauma, tumor and stroke, (3) neurodegenerative diseases or psychiatric illness, (4) any substance use disorder according to the Diagnostic Statistical Manual-5th edition. The neuroimaging methods have revealed the structural and functional impairment in patients with substance use disorder. Thus, it is necessary to rule out substance use disorder in order to exclude those patients with a pathological condition potentially confounding. (5) anxiety or depressive symptoms, (6) head motion greater than 1.0° or 1.0 mm during MR examination, (7) HCV co-infection.

For HIV+/syphilis-, the inclusion criteria were as follows: (1) patients infected with HIV and without any syphilis infection history (a combination of TPPA-/RPR-); (2) age range from 18 to 50 years old; (3) right-handed. The exclusion criteria for HIV+/syphilis- were identical to those for HIV+/syphilis+.

Besides, forty-three age, gender, and education matched healthy controls (HC) without any HIV or syphilis infection (female\\male=4\\39; age, 33.09 ± 6.27 years) were enrolled from the local community. The inclusion criteria for HC were 18 to 50 years old and right-handed. The exclusion criteria for HC group were the same as applied in HIV+ patients.

Neuropsychologic Tests {#S0002-S2002}
----------------------

A battery of neuropsychological tests (related to six cognitive domains including verbal fluency, executive function, speed of information processing, fine motor, attention/working memory, and learning/delayed recall)[@CIT0019] were conducted in all HIV patients (please see the details in [[Supplementary Table 1](https://www.dovepress.com/get_supplementary_file.php?f=234913.docx)]{.ul}). The activity of daily living scale was used as a questionnaire to assess changes in everyday functioning.[@CIT0020] The raw scores for each test were converted to T scores and adjusted for age, gender, and education level. Averaged T score was calculated for the cognitive domain with multiple cognitive tests. According to Frascati criteria,[@CIT0019] 41% (18/44) and 36% (16/45) patients were diagnosed as ANI in HIV+/syphilis+ and HIV+/syphilis- groups, respectively. No MND and dementia were diagnosed in all the HIV patients. Thus, the rest patients were diagnosed as non-HAND in the two groups of patients with less than 2 cognitive domain impairments.[@CIT0019]

MRI Data Acquisition {#S0002-S2003}
--------------------

MRI data sets were acquired on a 3.0-Tesla MR scanner (Tim-Trio, Siemens Medical Solutions, Erlangen, Germany) with a 32-channel phased-array head coil. All subjects were required to stay awake and still with eye closed, and not to think about anything particular. Rs-fMRI data were gained using a gradient echo sequence: TR/TE:2000/30, FOV: 224 × 224 mm, matrix: 64 × 64, section thickness: 3.5 mm, flip angle: 90°, and voxel size: 3.5 × 3.5 × 4.2mm^3^. Each brain volume included 33 consecutive axial slices and each run contained 240 volumes. In addition, the conventional T1 weighted MRI (TR/TE=250/2.46) and T2 weighted sequences (TR/TE =2500/200) were also performed. And these images were interpreted by two neuroradiologists (X.D.Z and R.L.L with 9 and 12 years of experience of neuroradiology) in consensus to exclude obvious brain abnormalities, such as stroke and tumor.

Functional MRI Data Preprocessing {#S0002-S2004}
---------------------------------

Resting-state functional MRI data were preprocessed in a standard manner by using Statistical Parametric Mapping (SPM8, [<http://www.fil.ion.ucl.ac.uk/spm>]{.ul}). Firstly, the first 10 time points of each subject were discarded accounting for the signal equilibrium and adaptation of the subject. After that, for the rest 230 time points, slice timing, correction of head movement and spatial normalization to the Montreal Neurological Institute (MNI) EPI template with a resampled voxel size of 3×3×3 mm^3^ were performed. Subjects were ruled out with head movement more than 1 mm translation in any axis or 1°angular rotation in any axis during fMRI scanning. After that, the data were detrended to remove the linear trend of time courses and band-pass ﬁltered (temporal band-pass ﬁltering was 0.01--0.08 Hz) voxel by voxel to reduce the effects of low-frequency drift and high-frequency respiratory and cardiac noise. Finally, white matter signal and cerebral-spinal ﬂuid signal were regressed out as covariates.

Functional Connectivity Density Mapping {#S0002-S2005}
---------------------------------------

Voxel-wise DC value was computed in every voxel by using DPABI (Yan, C.G., Wang, X.D., Zuo, X.N., Zang, Y.F., 2016. DPABI: Data Processing & Analysis for (Resting-State) Brain Imaging. Neuroinformatics 14, 339--351). In a brain network, the time course of each voxel in the network was correlated to time course of every other voxel, generating an n×n matrix of Pearson's correlation coefﬁcients, where n is the dimension of the whole-brain mask. DC of a given voxel is referred to the total number of edges connected to it from the remaining voxels in the whole brain.[@CIT0018] The DC of each voxel in this brain network was generated one by one without any exception resulting in the whole-brain DC mapping. The computation of DC of each voxel (i) with all other voxels (j) was coming from the following formula.[@CIT0018] $$\documentclass[12pt]{minimal}
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\end{document}$ represented the mean degree throughout all the voxels of the whole brain, while σ~D~ was the standard deviation. Before the statistical analysis, the images were smoothed with 8 mm^3^ full-width-at-half-maximum (FWHM) Gaussian kernel.

Statistical Analysis {#S0002-S2006}
--------------------

The clinical and neuropsychological data were compared by using SPSS 20.0 (IBM Inc. Armonk, NY). Difference of gender among the three groups was compared with χ^2^ test. The rest of the variables were tested for normal distribution by using the Kolmogorov--Smirnov test. Variables with normal distribution were displayed as mean ± standard deviation and analyzed by two-sample *t*-test or one-way analysis of variance. Variables with non-normal distribution were displayed as median and inter-quartile range and further tested by Mann--Whitney *U*-test or Kruskal--Wallis Test. The level of statistical significance was set as p\< 0.05.

Rs-fMRI data were analysed by using SPM8 (The FIL Methods Group, London, England). Between-group comparison was performed by using one-way analysis of variance with sex, age and education level as covariates among the three groups. Post hoc analysis was further performed for pair-wise group comparisons. We utilized a whole-brain grey mask for the *F*-test and post hoc tests in ANOVA. Multiple comparison correction was performed with AFNI's 3dClustSim by using mixed autocorrelation function (ACF)[@CIT0021] (signiﬁcance level: voxel p = 0.005, α = 0.05 with 5000 Monte Carlo simulations).

To assess the correlations of DC value in brain regions with a significant difference in the HIV+/syphilis+ and HIV+/syphilis- groups to clinical and neuropyschometric data (T scores), Pearson correlation was performed by using SPSS 20.0 (P \< 0.05).

Results {#S0003}
=======

Demographic, Clinical and Neuropsychological Data {#S0003-S2001}
-------------------------------------------------

Clinical and neuropsychological data for the HIV+/syphilis+, HIV+/syphilis-, and HC were exhibited in [Table 1](#T0001){ref-type="table"}. No significant differences in gender, age, and education level among the three groups were found (all P \> 0.05). There were no statistical differences in HIV infection duration, CD4^+^ cell count, and CD4+/CD8+ ratio (all P \> 0.05) as well. In our study, in fact, there were three kind patients in the 44 patients of HIV+/syphilis+ group. A. RPR+ with presence of ulcerative lesions who were diagnosed as primary syphilis (13/44); B. RPR+ without presence of ulcerative lesions (17/44); C. RPR- with a history of syphilis diagnosed as primary syphilis within 2 years (14/44). All of the HIV+/syphilis+ patients had a history of syphilis infection with TPPA+/RPR+ within 2 years. Thus, all of them were not new infections. Of note, all the male patients with HIV infection in this study were men who have sex with men. They took more risk of being infected by syphilis and a higher risk of syphilis relapse. The range of RPR titre at the time of MRI examination was from negative to 1:256. Penicillin was administrated in all the patents with syphilis co-infection at diagnosis. The combination antiretroviral therapy (cART) was given in 82% (36/44) and 82% (37/45) patients of HIV+/syphilis+ and HIV+/syphilis- groups, respectively. Since no HIV+/syphilis+ individuals got obvious neuropsychological manifestations, most of them refused to receive any lumbar puncture; thus, the neurosyphilis cannot be diagnosed based on CSF variables.Table 1Demographic, Clinical and Neruopsychological Data of the Three GroupsHIV+/Syphilis+ (n=44)HIV+/Syphilis- (n=45)Healthy Controls (n=43)*P* valueSex(M/F)43/142/339/40.38^※^Age (years) (mean±SD)32.11±6.9631.23±6.2133.09±6.270.36＊Education (years), median (IQR)16 (15--18)16 (15--18)16 (16--18)0.96^§^HIV infection (months), median (IQR)22 (12--34)22 (4--41)/0.92^﹟^CD4^+^ (cells/mL) (mean±SD)497.45±206.59507.07±217.05/0.81^∆^CD4^+^/CD8^+^ ratio(mean±SD)0.60±0.410.61±0.38/0.83^∆^cART/untreated36/837/8/0.95^※^Ratio of TND of HIV viral load34/4435/45/0.95^※^Verbal fluency(mean±SD)44.32±8.7646.82±8.05/0.16^∆^Attention/working memory(mean±SD)41.66±8.0845.17±9.88/0.07^∆^Executive function(mean±SD)53.67±9.1156.51±10.60/0.18^∆^Memory (learning/delayed recall) (mean±SD)42.74±8.5645.78±7.63/0.08^∆^Speed of information processing(mean±SD)44.34±9.4447.54±9.07/0.11^∆^Complex motor skills (mean±SD)42.59±10.0847.60±8.71/\<0.05^∆^Cognitive status (ANI/Non-HAND)18/2616/29/0.60^※^[^1]

Of note, we found a significant lower score in the cognitive domain of fine motor (P \< 0.05) in HIV+/syphilis+ group. With regard to the rest of the cognitive domains, a trend of lower cognitive scores in the syphilis co-infection group was found (all P \> 0.05). No MND and dementia were diagnosed in all the HIV patients. In addition, the cognitive status (ANI/non-HAND) between the two HIV+ groups showed no significant difference (P \> 0.05).

Inter-Group Comparisons of DC {#S0003-S2002}
-----------------------------

The DC differences among HIV+/syphilis+, HIV+/syphilis- and HC and the pair-wise post hoc results are exhibited in [Figure 1](#F0001){ref-type="fig"} and [Table 2](#T0002){ref-type="table"}. *F*-test of ANOVA showed DC differences located in the right orbital frontal cortex, left lateral occipital cortex, left inferior frontal cortex (oper/Tri), bilateral posterior cingulated cortex/precuneus and left inferior parietal lobule. Pair-wise inter-group comparisons were further conducted. Compared with HC, HIV+/syphilis+ and HIV+/syphilis- groups showed decreased DC in the right orbital frontal cortex and increased DC in the left inferior parietal cortex. Apart from that, we also found increased DC in the left inferior frontal cortex (oper/Tri) and bilateral posterior cingulated cortex/precuneus in HIV+/syphilis+ compared with HC. Moreover, compared with HIV+/syphilis-, HIV+/syphilis+ displayed decreased DC in the left middle occipital cortex. (P\<0.005, cluster number = 249, α = 0.05, corrected). The mean z values of DC of brain regions with statistical significance were extracted and displayed by bar graph at the group level ([[Supplementary Figure 1](https://www.dovepress.com/get_supplementary_file.php?f=234913.docx)]{.ul}).Table 2Brain Regions with DC Differences Among the Three GroupsBrain RegionsBAMNI Coordinates (mm)Number of ClustersPeak t value(x, y, z)\[HIV+/syphilis+\]\>HCLeft IFC (Oper/Tri)44/45−45, 12, 33874.99Bilateral PCC/PCu7/23−3, −54, 152835.08Left IPL40−51, −24, 362644.68Right OFC1024, 48, 6275−4.35\[HIV+/syphilis-\]\>HCLeft IPL40−57, −30, 122524.75Right OFC1039, 30, −18260−5.12\[HIV+/syphilis+\]\>\[HIV+/syphilis-\]Left LOC19−51, −75, 9267−4.39[^2] Figure 1DC differences among HIV+/syphilis+, HIV+/syphilis- and HC groups.**Notes:** *F*-test of ANOVA showed DC differences mainly located in bilateral frontal cortex, left occipital cortex, and bilateral inferior parietal lobule (yellow). HIV+/syphilis+ showed decreased DC in the right frontal cortex and increased DC in the bilateral inferior parietal cortex and left occipital cortex. HIV+/syphilis- showed decreased DC in the right frontal cortex and increased DC in the left inferior parietal cortex. Compared with HIV+/syphilis-, HIV+/syphilis+ displayed decreased DC in the left occipital cortex. (P\<0.005, cluster number = 249, α = 0.05, corrected). Increased DC was shown in red, while decreased DC was shown in green.**Abbreviations:** ANOVA, analysis of variance; DC, functional connectivity density; HIV+/syphilis+, HIV patients with syphilis coinfection; HIV+/syphilis-, HIV patients without syphilis coinfection; HC, healthy controls.

Correlation Analysis {#S0003-S2003}
--------------------

In HIV+/syphilis+ group, we found that the mean z value of DC in the right orbital frontal cortex was positively correlated to the CD4+ cell counts (r = 0.366, P = 0.014) ([Figure 2A](#F0002){ref-type="fig"}). In addition, the mean z value of DC in the left inferior parietal lobe was negatively correlated to the executive function score (r = −0.314, P = 0.038) ([Figure 2B](#F0002){ref-type="fig"}). Nevertheless, no significant correlations were found in any clinical and neuropyschometric data (all P\>0.05, Pearson correlation).Figure 2Pearson correlation between DC values and clinical variables and cognitive metrics in HIV+/cART+.**Notes:** The mean z value of DC in the right orbital-frontal cortex was positively correlated to the CD4+ cell counts (r = 0.366, P = 0.014) (**A**). The mean z value of DC in the left inferior parietal lobe was negatively correlated to the executive function score (r = −0.314, P = 0.038) (**B**).

Discussion {#S0004}
==========

HIV and syphilis affect similar patient groups, and the co-infection is common and dangerous combination at present.[@CIT0006] Especially, resurgent syphilis has been found to occur predominantly in high-risk HIV groups, which has renewed great interest in this issue. Syphilis co-infection history could deteriorate the cognitive impairment in HIV patients.[@CIT0013],[@CIT0014] We assessed the effect of syphilis co-infection on the resting-state brain function in young HIV patients by using DC analysis. In this study, we found a significant lower score in the cognitive domain of fine motor in HIV+/syphilis+ group. Compared with HC, HIV+/syphilis+ and HIV+/syphilis- groups showed decreased DC in the right orbital frontal cortex and increased DC in the left inferior parietal lobule. Besides, DC elevated in the left inferior frontal cortex and bilateral posterior cingulated cortex/precuneus in HIV+/syphilis+ compared with HC. Moreover, compared with HIV+/syphilis-, HIV+/syphilis+ displayed decreased DC in the left middle occipital cortex. Additionally, in HIV+/syphilis+ group, the mean z value of DC was correlated to the CD4+ cell counts and the executive function score.

The close interaction between syphilis and HIV on CNS involvement is complicated and not fully understood.[@CIT0002] Cognitive impairment might be the least likely to respond to antibiotic treatment in syphilis CNS infection.[@CIT0006],[@CIT0022] Despite the timely prescribing of penicillin, concerns have been raised in terms of the adequate penicillin concentrations in CSF and the antibiotic resistance of *Treponema pallidum*.[@CIT0022] Moreover, the extension of syphilis infection to the CNS could emerge in any stage of syphilis infection.[@CIT0023] Neuroinflammatory was considered to be responsible for cognitive disturbances in HIV positive individuals.[@CIT0024] Both syphilis and HIV could contribute to meningitis and neural inflammation of the host, which might mutually augment the CNS impairment.[@CIT0001] In addition to syphilis co-infection, some other chronic co-infections, such as, hepatitis C virus[@CIT0025] or toxoplasmosis,[@CIT0026] may worsen cognition impairment in HIV. Thus, it is plausible that additive or synergistic effect on cognitive malfunction might be induced by syphilis co-infection in HIV patients, even in the early stage of syphilis.

Nevertheless, to date, investigations leave not fully uncovered the role of syphilis co-infection on cognitive impairment in HIV individuals. A greater level of neurocognitive impairment was reported in HIV patients with syphilis co-infection history.[@CIT0013] More recently, it was claimed that HIV-infected patients with past syphilis performed worse on a comprehensive neuropsychological test battery than HIV-infected patients who never had syphilis,[@CIT0014] even in HIV infected subjects on stable cART. Moreover, a most recent prospective study found no difference of mental alternation scores between neurosyphilis and uncomplicated syphilis, but did claim higher level of CNS inflammatory markers was linked to the cognitive impairment in neurosyphilis in the setting of HIV infection, which stressed the significance of CNS inflammation underlying the cognitive impairment out of HIV and syphilis co-infection.[@CIT0002] However, this study did not address whether syphilis co-infection without neurosyphilis could contribute to cognitive impairment in HIV.[@CIT0002] Therefore, alternative neuroimaging biomarkers might be useful in assessing the underlying mechanism of brain impairment in patients with HIV and syphilis infection. In this study, we found a significant lower score in the cognitive domain of fine motor (P \< 0.05) and a trend of lower cognitive scores in the HIV+/syphilis+ group. These lower scores of cognitive test without statistical significance might be attributed to effective therapy in our patient groups. With the advent of advanced MRI methods, additional biomarkers might be found in detecting the neural traits underlying cognitive impairment in HIV patients with syphilis history, in addition to neuropsychological tests and CNS inflammatory biomarkers.

The densely connected nodes of the brain network characterized by fast inter-brain connection with minimal energy cost are thought to be the network hubs.[@CIT0018] DC analysis could be used to assess the distribution of hubs in order to make a better understanding of the brain network organization in an energy-efﬁcient way. Further, various neuropsychiatric diseases have been related to abnormal conﬁguration of DC distribution.[@CIT0027]--[@CIT0029] Importantly, compared with previous studies on HAND based on graph theory analysis by simplifying the brain network into 90 regions,[@CIT0013],[@CIT0014] DC analysis is a data-driven method without the constrain of specific seeds and allows for whole-brain topological analysis voxel by voxel. Furthermore, centrality is considered as a vital topological metric related to HAND.[@CIT0030] Whereby, the DC method was employed in this current study. So far as we know, no study was conducted using DC to assess the potential additive effect of syphilis co-infection on cognitive impairment in HIV patients.

Compared with HC, both HIV positive groups showed decreased DC in the right orbital-frontal cortex. HIV has been shown to invade the brain causing irreversible damage to synaptic connections, which can gradually lead to neuronal dysfunction. The human orbitofrontal cortex was a vital component of prefrontal cortex, which was related to convergence of sensory information, learning, and decision-making.[@CIT0031] Ketzler et al found loss of neurons of orbital-frontal cortex in brains with AIDS.[@CIT0032] Thompson et al[@CIT0033] found cortical thinning in frontal polar cortex in AIDS patients. Further, Ernst et al[@CIT0034] claimed that mild HIV brain injury is associated with increased glial activation in the frontal white matter and deep gray matter without major involvement of neuronal abnormalities. Moreover, Sailasuta et al reported the concentration of brain glutamate neurotransmitter was reduced in the frontal white matter region in HIV-seropositive patients with or without highly active retroviral therapy.[@CIT0035] Recent functional connectivity study indicated decreased bilateral connectivity between the precuneus and prefrontal cortex in HIV patients with HAND compared with those without HAND.[@CIT0036] In our recent study, we found decreased DC in the right orbital-frontal cortex, which indicated that this region got less connected in a functionally reorganized brain of HIV patients compared with HIV-negative HC. Nonetheless, to date, the exact role of prefrontal cortex and its subdivisions, such as orbital-frontal part, in the pathophysiological mechanism of HAND has not been fully understood. Besides, in HIV+/syphilis+ group, we found that the mean z value of DC in the right orbital-frontal cortex was positively correlated to the CD4+ cell counts. CD4+ cell counts could reflect the immune status of AIDS, and could predict the neurocognitive functional compromise in HIV infection.[@CIT0037] In terms of structural MRI, Thompson et al[@CIT0033] reported that thinner frontopolar cortex correlated with immune system deterioration measured by CD4+ lymphocytes in HIV patients. Currently, we only found the correlation between DC in orbital-frontal cortex and CD4+ cell counts in HIV+/syphilis+ group, rather than HIV+/syphilis- group. Two possible reasons might be responsible for it. Firstly, our patients with HIV were in quite early-stage infection. Secondly, the syphilis co-infection might cause additive or synergistic impairment with HIV on the brain function.

In addition, increased DC in the left inferior parietal lobule was found in both HIV+ groups, and negatively correlated to executive function. Inferior parietal lobule was located in the posterior part of the parietal cortex and adjacent to the occipital cortex. Inferior parietal lobule was reciprocally connected with various cortical and subcortical brain regions and served as a site of integrating nearly all aspects of mental function.[@CIT0038] Lines of evidence indicated that Inferior parietal lobule played a vital role in structural and functional reorganization in HIV-infected patients. Shin et al found cortical thinning in the left inferior parietal lobule and many other frontal-parietal cortices in HAND.[@CIT0039] Li et al also found reduced gray matter in inferior parietal lobule in HIV vertically infected adolescents.[@CIT0040] Wang et al found reduced coactivation in left inferior parietal cortex in HIV by using independent component analysis.[@CIT0041] In our study, increased DC of the left inferior parietal lobule gave further insights into functional reorganization of the brain affected by HIV infection from the perspective of graph theory.

Notably, we found more extended brain regions of DC alteration between HIV+/syphilis+ and HC. Apart from the altered DC in the brain regions mentioned above in both patient groups compared with HC, we also found that the DC values increased in the left inferior frontal lobe and bilateral posterior cingulated cortex/precuneus in HIV+/syphilis+ compared with HC. Inferior frontal lobe was a vital site in the structural and functional cerebral alteration related to HIV infection. Decreased gray matter of the Inferior frontal lobe was reported in HIV patients.[@CIT0042] Convergent evidence from functional MRI studies indicated greater functional activation within the left inferior frontal lobe in HIV patients.[@CIT0043] After effective antiviral therapy, the decreased striato-inferior frontal functional connectivity could be reversed to some extent.[@CIT0044] In addition, the posterior cingulated cortex/precuneus was another important brain site correlated with the HIV infection. Posterior cingulated cortex/precuneus was a vital part of default mode network of the brain, which was frequently involved in HIV patients.[@CIT0045] Cohen et al claimed that activation of the posterior cingulate cortex during rest was related to Hopkins Verbal Learning Test-2 learning in HIV patients, which was not found in HIV-negative controls.[@CIT0017] Recently, Zhuang et al found decreased functional connectivity between posterior cingulate cortex and left inferior parietal cortex in HIV positive patients without white matter fractional anisotropy alteration in this tract.[@CIT0046] These additional brain regions with increased DC found in HIV+/syphilis+ group might indicate that syphilis infection resulted in a synergetic effect with HIV infection on the brain functional remodeling. However, these changes were not found in the HIV+/syphilis- group, which might be due to the early stage of HIV infection in our patient cohort.

Moreover, compared with HIV+/syphilis-, HIV+/syphilis+ displayed decreased DC in the left middle occipital cortex, which might be specifically attributed to syphilis infection. In recent years, with the advent of multimodal MRI, many evidence from neuroimaging, especially from multimodal MRI, indicate that the occipital cortex does get involved in neuropsychological impairment of HIV patients. Many studies claimed decreased occipital gray matter,[@CIT0047] occipital cortex thinning[@CIT0033] and increased MD in fronto-occipital fasciculus[@CIT0042] in HIV patients. For instance, Küper et al found lower CD4 cell count correlated with a decrease of occipital gray matter in early HIV patients by using VBM.[@CIT0047] Thompson et al found that the thinning of the cerebral cortex visualized in HIV/AIDS was linked to CD4+ T lymphocyte decline.[@CIT0033] Most recently, DTI study by using TBSS found increased MD in fronto-occipital fasciculus in HIV patients from Beijing Youan Hospital of Capital Medical University. Evidence from rs-fMRI studies in early HIV-infected individuals indicated decreased functional connectivity in occipital cortex.[@CIT0041],[@CIT0048] Wang et al found decreased functional connectivity in lateral occipital cortex in patients within 1 year of HIV infection.[@CIT0041] Moreover, Egbert et al reported that occipital lobe was affected by HIV more profoundly than other brain networks even years after infection.[@CIT0048] Besides, Ances et al demonstrated significant reductions in cerebral blood flow in both visual cortex and lenticular nuclei in recent HIV-infected individuals by using arterial spin labeling MRI.[@CIT0049] Küper et al speculated that the occipital cortex may be especially vulnerable to HIV mediated neurotoxicity when the immune system deteriorates.[@CIT0047] However, no DC difference in occipital cortex was found in both HIV+ groups compared with healthy controls with possible explanation related to the early stage of HIV infection in this cohort.

Limitations exist in our current study. Firstly, since no HIV+/syphilis+ individuals got obvious neuropsychological manifestations, most of them refused to receive any lumbar puncture, whereby the neurosyphilis cannot be diagnosed based on CSF variables. And therefore, it was not allowed to confirm the proportion of possible neurosyphilis in this cohort. Further studies are warranted to confirm potential cognitive impairment and altered advanced MRI variables in concurrent HIV/syphilis with neurosyphilis and without neurosyphilis. Secondly, all HCs lacked neuropsychological tests, which should be supported in further studies. Thirdly, the relatively high frequency of ANI, and the presence of untreated participants, may contribute to the fMRI abnormalities. Besides, no MND patients were found in our patient cohort, which limited the generalizability of our result. Additionally, we did not further analyze other topological features. More detailed graph theory-based studies on the possible neural influence of syphilis co-infection in HIV were warranted.

Conclusion {#S0005}
==========

HIV+/syphilis+ patients might get more extend frontal and parietal involvement in terms of DC, and decreased DC in the left middle occipital cortex, which indicated that syphilis and HIV co-infection might act synergistically on the brain functional reorganization. However, further researches are needed to confirm this finding.
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[^1]: **Notes:** ^※^, *χ*^2^ test; ＊, One-way analysis of variance; ^§^, Kruskal--Wallis test; ^﹟^, Mann--Whitney *U*-test; /, No data available; ^∆^, Independent two-sample *t*-test. Significant level P\<0.05.

    **Abbreviations:** HIV+/syphilis+, HIV patients with syphilis coinfection; HIV+/syphilis-, HIV patients without syphilis coinfection; M, male; F, female; IQR, interquartile range; SD, standard deviation; ANI, asymptomatic neurocognitive impairment; HAND, HIV-associated neurocognitive disorders; TND, target not detected.

[^2]: **Abbreviations:** HCs, healthy controls; BA, Brodmann's area; MNI, montreal neurological institute; IFC (Oper/Tri), inferior Frontal cortex (Oper/Tri); PCC/PCu, posterior cingulated cortex/precuneus; IPL, inferior parietal lobe; OFC, orbital-frontal cortex; LOC, lateral occipital cortex (P\<0.005, cluster number = 249, corrected).
